We report on a Cu(In,Ga)Se 2 (CIGS) solar cell fabricated on flexible stainless steel substrate by a low cost mass production roll-to-roll process. Fabricated device has a high energy conversion efficiency of 14%, with short circuit current density (J sc ) of 36.6 mA cm À2 and open circuit voltage (V oc ) of 0.55 V. A two-dimensional (2D) simulation model for CIGS solar cell design and optimization was proposed. Opto-electrical properties showed that both experimental and simulated results are consistent with each other. The photons absorber in CIGS solar cells was prepared by co-sputtering metallic precursors of In and CuGa followed by thermal annealing in Se vapor. The device chemical properties were analyzed by secondary ion mass spectrometry (SIMS) and transmission/scan electron microscopy (TEM/SEM). Indium and gallium interdiffusions were observed during the growth of film, forming a band grading in CIGS layer. Accumulation of In at the top CIGS surface, resulting in a low bandgap, was responsible for the limited output open circuit voltage. Nano-scale voids were observed in the grown CIGS layer. A model based on Kirkendal effect and interdiffusion of atoms during selenization is developed to explain the formation mechanism of these voids. Na and K incorporation as well as metallic impurities diffusion are also discussed. #
Introduction
Renewable energy technology has been gaining more and more interests as being considered as a possible approach to solve many modern society issues: such as making up for reduced oil/gas resources, reducing fossil fuel induced air pollution and even developing economics in remote rural regions. Photovoltaic (PV) devices, that convert light photons into electricity, are expected to play an important role in future energy production. 1) Nowadays, silicon-based, including crystal silicon and polycrystalline silicon, solar cells have dominated the current PV market. However, several other new emerging technologies, based on thinfilm, 2) dye-sensitized, 3) and organic materials, 4) are attracting attention of researchers. One of the most promising thinfilm materials is polycrystalline chalcopyrite Cu(InGa)Se 2 (CIGS). It has been demonstrated by National Renewable Energy Laboratory (NREL) that CIGS solar cell can reach up to 20.3% energy conversion efficiency. 5) Flexible substrates, compared with rigid glass substrates, enables implementation of roll-to-roll deposition methods which have potential to greatly reduce the fabrication cost, and to increase throughput. At the same time, reduction of the substrate weight and providing flexibility broaden the device application field. For example, flexible solar cell modules using stainless steel (SS) substrate can be integrated with curved roofs. Most investigated flexible substrates are polymer such as polyimide, 6, 7) and metal foils such as SS and titanium. 8) In the past few years, several groups have reported on development of CIGS solar cell on flexible substrates. Kim et al. 9) reported a flexible CIGS solar cell on SS substrate by co-evaporation process with efficiency of $10:57%. Herrman et al. 10) investigated barrier layers for flexible CIGS thin-film solar cells on metal foils. The device fabricated on titanium foil achieved external efficiency of about 13%. Rudmann et al. 11) and Caballo et al. 12) evaluated sodium incorporation strategies during CIGS growth. Most recently, researchers in EMPA of ETH Zurich, Chirila et al., 13) reported a 18.7% efficiency CIGS solar cell fabricated on polyimide substrates by a high vacuum 4-elements co-evaporation method. This is the world highest record in efficiency for flexible solar cells. R&D engineers also made some progress in transferring these technologies from laboratory into industry. Matsushita claimed 17.0% efficiency CIGS solar cells on SS substrate in 2003. 14) Global Solar Energy reported 11.3% efficiency on polyimide substrate and 13.2% efficiency on metal substrate. 15, 16) To produce CIGS thin film either (i) co-evaporation of elemental Cu, In, Ga, and Se in high vacuum, or (ii) deposition of bi-layer precursor on the back contact followed by selenization or sulfurization are used. Florida Solar Energy Center (FSEC) 17) sputtered Cu-In-Ga tri-layers as a precursor and let them react in the H 2 S:Ar gas environment, while International Solar Electric Technology (ISET) 18) performed thermal annealing of CIGS in N 2 :H 2 Se mixed-gas environment. Klaer, 19) from Hahn-Meitner Institute, used sputtering of Cu and In to form a bi-layer precursor followed by sulfurization and post-deposition CuS etching. Nanosolar used screen printing of CIGS nanoparticles as precursor followed by rapid thermal annealing. Miasole 20) instead performed selenization step during the rf-sputtering using a Se-atmosphere. Today, the best solar cell fabricated by co-evaporation method on flexible substrates has efficiency of $18:7%. The reported efficiencies for devices fabricated by other methods are below 13%. We can speculate that co-evaporation process has a better control of CIGS elements composition during the thin film growth. However, each of these methods has its own disadvantages when implemented in mass production: (i) coevaporation method requires sophisticated equipment which may not be suitable for large area substrates; (ii) H 2 Se and H 2 S are very toxic and only stable at normal room conditions, so that thermal high temperature annealing process in H 2 Se and H 2 S gas atmosphere can be dangerous; (iii) instead of using H 2 Se and H 2 S, sputtering of CIGS in Se vapor is safer approach but it is more difficult to control CIGS elements composition during film growth. To overcome these issues, we developed a modified roll-to-roll precursor-selenization two-step process for fabrication of CIGS layer over SS flexible substrate. Computer-aid twodimensional (2D) numerical simulation has been widely used for solar cell design and device structure optimization. 21, 22) It provides key insights into fundamental physics of solar cell operation, enabling engineers to explore full range of design alternatives. However, most of current simulation models have been developed only for traditional silicon based solar cells. Modeling of compound semiconductor based solar cells, namely Cadmium Telluride and Cu(In,Ga)Se 2 , are still rare due to lack of full understanding of their physical models and material parameters. As the complexity of solar cell designs evolves over time, purely experimental approaches are no longer sufficient for device design and optimization. To build a useful simulation model for CIGS solar cell becomes an important and necessary task.
In this work, we proposed a 2D simulation model for CIGS solar cell based on simulator software APSYS and demonstrated that this software can be used for design of advanced CIGS solar cells. We then fabricated CIGS solar cells on flexible SS substrates using a modified two-step co-sputtering method. The device electronic properties were characterized by current density-voltage (J-V ) and quantum efficiency (QE) experiments. Both simulation results and experimental measured data were compared and analyzed. Finally, secondary ion mass spectrometry (SIMS) and transmission/scan electron microscopy (TEM/SEM) were used to characterize device physicchemical properties.
Modeling and Experimental

Device simulation
In this work, 2D simulation of Cu(In,Ga)Se 2 solar cell was performed using software APSYS. 23) Complex trapping, recombination mechanism models have been taken into account in the simulation. The defect states are described as deep level donor or acceptor like traps. Impurity concentration (trap density) and the electrons/holes capture cross section are used to specify the trap states.
24) The minority carrier lifetime is then expressed as
where n,p is minority carrier lifetime, v is thermal velocity, c is capture cross section, and D t is trap density. The device structure used in this simulation is, aluminum (Al)/aluminum doped zinc oxide (AZO)/intrinsic zinc oxide (i-ZnO)/ cadmium sulfide (CdS)/CIGS/molybdenum (Mo), shown in Fig. 2 inset (a) . The set of parameters needed for electrical and optical modeling was obtained from experimental data and literature. 25, 26) Typical parameter set is shown in Table I . All simulations are done under a standard air mass 1.5 global spectra (AM1.5G) solar irradiation. 27 ) Series resistance and shunt resistance obtained from measured J-V curves were also included in this simulation.
Device fabrication
Solar cells investigated in this work were fabricated as follows. A moving one meter wide and 50-m-thick SS web is used as the flexible substrate. The SS is first cleaned by ion etch prior to the deposition of a chromium layer by DC sputtering. A molybdenum film was then deposited on the top of Cr by DC sputtering as the back contact electrode. This step was repeated one more time to produce four layers Cr/Mo/Cr/Mo structure. The CIGS layer was prepared by a precursor-selenization two-step process. First, metallic precursors were deposited by co-sputtering of In and CuGa targets on the top of Mo surface. During cosputtering process, the substrate was heated up to 250 C and was moving in one direction. The sputtering targets were arranged such as moving substrate was first seeing In target before CuGa:In mixed phase was deposited. A schematic of precursor co-sputtering based roll-to-roll processing system is shown in Fig. 1(a) . The resulting metallic stacked precursor has a structure composed of a very thin In layer followed by a indium-copper-gallium (InCuGa) matrix containing various indium islands located within bulk of the thin film, with the In largest concentration located near the top of the deposited film due to heating of the substrate. The total film thickness of $700{900 nm and InCuGa film composition of ½Cu=ð½In þ ½GaÞ $ 0:9 is realized. The metallic stacked precursors were then annealed in selenium (Se) vapor at a higher temperature, around 550 C, for tens of minutes. The CIGS layer is formed after selenization step. Its thickness increased from initial thickness of $900 to 1400 nm. Sodium (Na), necessary for sodium-free SS substrates, was introduced during the initial step of thin film preparation from evaporating sodium fluoride compound (NaF) on the top of the Mo surface. Figure 1(b) shows the schematic of sputtering system and equipment used. The stack was then coated with $100-nm-thick CdS buffer layer using chemical bath deposition (CBD). The structures were immersed in Cd 
Device evaluation
SIMS and SEM/TEM were performed to characterize quantitatively our device's physic-chemical properties. During SIMS analysis, the CIGS sample was sputtered with a beam of primary ions (Cs þ ) at energies of 1 to 30 KeV. Primary ions were implanted and mixed with sample atoms to depth of 1 to 10 nm. Secondary ions formed during the sputtering process were extracted and analyzed using a high resolution mass spectrometer. The obtained material composition profiles were calibrated by Rutherford backscattering spectrometry (RBS) and Evans Analytical Group (EAG) reference clean CIGS samples. Point-by-point correction was used for the ion yield and sputter rate change as the matrix changes. In addition, the primary ion species, angle of impact, energy of impact, the secondary ion species selected for detection, data point density and the mass resolution have been considered in SIMS analysis protocol. For SEM/ TEM, samples were prepared using a proprietary in-situ lift-out technique in a FEI focus ion beam (FIB) 200 lifting a section from the SS foil. The protective layers applied to the samples were as follows (from the sample surface up): a thin polymeric coating was applied locally on the sample then $75{100 nm of 99.99% purity Pt was applied by magnetron sputter coating and lastly a Pt/C capping layer was applied to the automated optical inspection (AOI) by the FIB in-situ. In addition, some samples were prepared by flaking the coating from a small piece of substrate to get a ''cleave'' edge. The samples were imaged in a Hitachi HD-2300 dedicated STEM/TEM operated at 200 kV having a nominal 0.20 nm diameter electron beam. To characterize electronic properties of devices, J-V characteristics were measured under the standard test conditions (100 mW/cm 2 , 25 C, AM1.5G). External quantum efficiency versus wavelength curve was also measured. Devices performance variations under different light intensities were measured by changing incident light using different filters, with transmittance ranging from 4 to 85%.
Results and Discussion
Simulation results
Per previous report, 28) calculated band diagram of the investigated device in thermodynamic equilibrium (dark, zero-bias voltage) has a following structure: from the left is the back contact, 0.5-m-thick Mo with electron affinity of 4.9 eV, coated with a 1.5-m-thick chalcopyrite polycrystalline Cu(In 0:7 Ga 0:3 )Se 2 absorber having an average bandgap energy of $1:15 eV. The p-n hetero-junction is formed between p-type CIGS and n-type CdS buffer layer having a bandgap energy of $2:42 eV. Band discontinuity on CIGS/ CdS hetero-junction has a conduction band offset ÁE c of $0:17 eV and a valance band offset ÁE v of $1:44 eV, where a notch is formed at CdS/CIGS interface due to difference of the electron affinity. 29, 30) The front contact consists of a bilayer of intrinsic and Al-doped ZnO films having a wide bandgap of $3:3 eV. The CIGS layer can be divided into space charge region (SCR) and quasi-neutral region (QNR). The simulation 28) of the optical absorption distribution across the device showed that the absorbed optical energy decreases along light incident path. This decrease can be explained by considering the light absorption by ZnO and CdS layer, respectively. Reducing or/and optimizing the thickness of these layers could minimize these losses. 26 ) Figure 2 shows the simulated J-V curves for CIGS solar cell without series resistance (R s ) and shunt resistance (R SH ), and with R s ¼ 2:91 cm 2 and R SH ¼ 700 cm 2 , respectively. In this work, solar cell without R s and R SH has following performance: external efficiency ¼ 14:3%, open circuit voltage V oc ¼ 0:58 V, short circuit current density J sc ¼ 30:0 mA/cm 2 , fill factor FF ¼ 0:84 while device with the R s and R SH has performance as follow:
The R s and R SH is responsible for reduction of FF and solar cell external efficiency.
Opto-electrical characterization
The experimental J-V and power density-voltage (P-V ) characteristics measured under a standard 100 mW/cm shown in Fig. 3(a) . The testing device has a surface area of $0:04 cm 2 . The V oc , J sc , and FF are directly extracted from illuminated J-V curve. The J-V relationship can be described as 31) J
where J 0 is reverse saturation current density, A is ideality factor. Although Eq. (2) is implicit and non-solvable analytically, and many algorithms have been proposed to approximately extract the device parameters. In this paper, we used Sites's 32) method to determine J 0 , A, R s , and R SH . By assuming J ph is constant and ignoring 1 in the parentheses, Eq. (2) can be simplified as
By substituting Eq. (2) in Eq. (3), rearranging both sides and assuming R s ( R SH we can get
R SH is determined from slope at J sc in J-V curve. By plotting dV =dJ vs ð1 À R SH dV =dJÞ=ðJ þ J ph À V=R SH Þ in forward bias region, shown in Fig. 4 , R s and A therefore can be extracted. Arranging Eq.
(1) again, we can get
By plotting log½J þ J ph À ðV À JR s Þ=R SH vs (V À JR s ) near forward bias region, shown in Fig. 4 , J 0 and A can be extracted. By comparing ideality factor A values extracted by two methods, we can conclude that both results are consistent with each other. The best performance for our solar cells tested is:
The experimental results agree well with the modeling results: ¼ 14:3%, V oc ¼ 0:58 V, J sc ¼ 30:0 mA/cm 2 , FF ¼ 0:84, without doing any extensive optimization of the device parameters used in this calculation. The similarity between both results indicates that simulation of CIGS is accurate and used materials parameters can be used in optimization and design of flexible CIGS photovoltaic cells. Figure 3(b) shows J-V curves under different incident light power densities. With the increase of incident light power density, J sc and V oc increase. As it was described before, 26) under a given incident light power density (=), J sc can be expressed as
where J ph is the short circuit density under 100 mW/cm 2 of standard AM1.5 irradiation, k ¼ P inc ð=Þ=P inc , where P inc is the standard incident light power density of 100 mW/cm 2 , and P inc ð=Þ denotes the incident light power density of a standard incident light P inc filtered by a filter of transmittance =, namely when = ¼ 40%, P inc ¼ 100 mW/cm 2 , then P inc ð=Þ ¼ 40 mW/cm 2 . And for V oc , we have
By substituting Eq. (6) into Eq. (7), V oc under a given indent light intensity can be derived as
The calculated data based on Eqs. (6) and (8) a fluctuation of light intensity may cause a large change of current output in a series connected solar cell module while its voltage output is relatively stable. Table II shows performance of the CIGS solar cells with different device areas. We observed that J sc and V oc descreases with an increasing area of the solar cell, Fig. 5 . This can be associated with the impact of R s and R SH on device performance. For short circuit condition, V ¼ 0, from Eq. (2) we have:
Since J 0 ( J ph , we get
that is
where G SH ¼ 1=R SH . Since R s Á G SH increases with the increasing of device area, J sc will decrease. Therefore J sc decreases with the increasing of device area. For open circuit condition, J ¼ 0, from Eq. (2) we have
Obviously, when G SH increases, V oc decreases, which is consistent with the experiment results shown in Fig. 5 .
Moreover, larger area device shows a lower FF and external efficiency. With the increasing of device area, R s increases while R SH is reduced. Both these parameters will affect device FF and solar cell efficiencies. Hence these results indicate that for a large area solar cell, reducing the series resistance is critical to achieve a high efficiency. Therefore, as expected, for larger area devices metal grids must be used to maintain higher device efficiency. However, their design must be optimized for optimum device operation. Figure 6 (a) shows external quantum efficiency (EQE) result for our 13.9% efficient solar cell. The EQE is as high as 90% at peak and remains no less than 40% QE for > 1100 nm. EQE drops very quickly from $520 (corresponding to CdS bandgap of 2.42 eV) to 300 nm. Light absorption in CdS layer and ZnO window layer can contribute to this decrease. The sunlight is first absorbed by the window and buffer layer. Usually these materials have a high bandgap: ZnO $3:3 eV and CdS $2:42 eV. The light with a short wavelength, namely below 550 nm, is partially absorbed by the CdS film. Therefore, as expected, poorer quantum efficiency at shorter wavelength is observed. Reduction of the CdS thickness is expected to reduce this absorption loss and increase device output current. However, usually a thicker CdS film is needed to compensate for SS substrate roughness. Hence compromise must be reached between absorption loss and impact of substrate roughness on device performance. Also CIGS absorption coefficient and QE decreases with the increasing photon wavelength. Since at longer wavelength the photo-generated carrier diffusion length is shorter, the not fully optimized CIGS absorber film thickness has direct impact on reduced carrier collection efficiency in the range of 900 to 1100 nm. The free carrier absorption of the TCO film at longer wavelength will also contribute to reduction of EQE. The general internal quantum efficiency (IQE) is defined as IQE ¼ EQE=ð1 À reflectanceÞ. For CIGS, IQE can be approximated as
where , W, and L are absorption coefficient, depletion width, and minority carrier diffusion length, respectively. By assuming L ( 1, the equation is simplified as
Absorption efficient can be described by
Since the absorption coefficient and energy bandgap for direct bandgap (E g ) material has a relationship as: ð Á hÞ 2 / h À E g , E g can be extrapolated by plotting ½h Á lnð1 À IQEÞ 2 vs h. 34) This plot is shown in Fig. 6 (b) indicating that the CIGS bandgap is $1:13 eV. Figure 7 shows the SIMS depth profile through our CIGS solar cell device. The studied structure of ZnO/CdS/CIGS/ MoSe 2 /Mo/Cr/Mo/Cr/SS can be divided into four layers: MoSe 2 /Mo/Cr/Mo/Cr back contact and barrier layer, CIGS absorber, CdS buffer layer and ZnO window layer. Bright field TEM (BF-TEM) images, Fig. 8 , indicate the thickness of each film.
Physic-chemical characterization
Back contact and barrier layer
Different from a typical CIGS-based solar cell structure, 5) Fig . 8 shows that our device has stacked Cr/Mo/Cr/Mo double layers between SS and CIGS absorber as a back contact layer. The base thin Cr layer of thickness $190 nm is designed to improve adhesion of films over SS substrate. Chromium oxide is found on the surface of the SS 35) and generally Cr sticks to its own oxide better than other metals promoting Cr adhesion to SS. Moreover, Cr is a fairly good barrier to Fe diffusion from the SS substrate at high temperature. Due to the roughness of SS substrates, some peaks may penetrate the base of thin Cr film so that another layer of Cr is added to help block Fe diffusion from higher peaks being present on the SS surface. Figure 9 shows SIMS profiles for Fe, Cr, and Ni metallic impurities in CIGS layer. The data for referenced clean CIGS solar cell grown on glass substrates is also include in this figure. We can observe that Fe and Ni ions concentrations are much lower than reference while Cr concentration value is slightly higher than the reference sample. Herz et al. 36) have investigated effect of Al 2 O 3 film between SS substrate and Mo back contact as a barrier layer for blocking the metallic impurities diffusion from SS substrate. For the device without a barrier layer they obtained for both Fe and Cr 10 À2 at. % in CIGS layer. The concentration values were reduced to the level of 10 À4 at. % when a 3-m-thick Al 2 O 3 barrier layer was added. From Fig. 9 we can see that the Fe concentration in our device with Cr/Mo layers is at the level of 10 À4 at. % indicating that the Cr/Mo layers successfully blocked Fe diffusion into CIGS absorber from SS substrate. Also our results showed that our proposed solution is equivalent to deposition of a 3-m-thick Al 2 O 3 barrier layer. The measured Cr concentration in CIGS layer is two orders of magnitudes higher than Fe, which indicates that this Mo/Cr structure may introduce some Cr impurities into CIGS absorber. It is common agreement that iron presence in CIGS will harm the device performance. No negative effect of Cr on device performance has ever been reported. Therefore, we can conclude that the design of double Cr/Mo barrier layers blocks quite well possible diffusion of harmful iron ions from SS substrate into CIGS absorber, and enhances overall the device performance.
From SIMS data shown in Fig. 7 , we can also observe that near the bottom of CIGS layer there is formation of a layer having ½Mo=½Se $ 1 : 2, which can be associated with the MoSe 2 layer. This layer results from diffusion and reaction of Se with Mo back contact layer. 37) Figure 10 shows the BF-TEM image of the MoSe 2 film and the interface between MoSe 2 and Mo layers. In agreement with Shiro Nishiwaki and others, 26, 37) MoSe 2 layer helps in electrons collection by forming a good metal-semiconductor contact and reducing electrons (minor carriers) recombination at the back contact interface.
Absorber
From data shown in Fig. 7 , we can observe composition variation of gallium alloy in the CIGS layer: gallium concentration is low near the surface but high at the bottom, while indium accumulated at the surface. Figure 11(a) shows calculated ½Ga=ð½In þ ½GaÞ profile from the front to back indicating a normal grading structure. 38) At front, ½Ga=ð½In þ ½GaÞ ratio has a value of $0:1 and linearly increase up to $0:5 towards the bottom. Knowing that band gap of CIGS depends on gallium composition: Fig. 11(b) . The electron photo-excited into conduction band will have a tendency to ''roll down'' by the electrostatic potential. The force acting on photo-generated electrons coming from additional quasi-electric field will ''push'' electrons toward space charge region (SCR) and reduce recombination at the back contact interface. Hence minority carrier collection in this region will enhance photocurrent output. Although there are still debates among researchers on how much the additional quasi-electric field built into CIGS (due to band grading) can enhance short circuit current, it has been a common conclusion that the open circuit voltage mainly depends on the bandgap in SCR. 39) Here, the lowest bandgap of 1.07 eV at front (E g,front ), induced by In accumulation on CIGS surface, is responsible for limited open circuit voltage (0.55 V). Estimated bandgap of absorber calculated from QE data ($1:13 eV), close to E g,front , also supports the idea that the low bandgap material present on top dominates in the CIGS layer.
Other effect that we can observe in Fig. 7 is that the In diffuses to the top surface and Ga diffuses to MoSe 2 /film surface during selenization process. This will result in CuInSe 2 (CIS) phase located near top surface and CuGaSe 2 (CGS) phase located near MoSe 2 /film interface. The segregation of CIS and CGS may be due to the difference in surface free energies. Marudachalam et al. 40) proposed that CIS may have a much lower surface free energy than the CGS, therefore there will be a tendency for the CIS phase segregated towards the top surface. Another explanation can be related to the difference in the reaction rates between the two phases. Selenization of Cu-Ga precursor to form CGS needs more time or high temperature than reaction of Cu-In with Se to form CIS. Besides, when In:CuGa is co-sputtered on the heated substrate the In is melting. During CIGS film formation, the nature metallurgy comes into play and Cu and Ga are more compatible with each other than either is with indium. Molten In islands were fund on the top surface which can also lead to In accumulation after Se vapor selenization. Figure 12 shows the SEM image of cross section of CIGS/CdS/ZnO layers. We can clearly see columnar CIGS grains with a grain size of $400 nm. Also many nano-scale voids are observed through the CIGS layer. From the BF-TEM images, Figs. 8(a) and 13, we find that most ''big'' voids are located in two lines, one at bottom film/MoSe 2 interface and another in the middle of CIGS layer. Shafarman et al. 41) also observed voids which were located at the bottom. They explained their formation by Cu 9 Ga 4 dissolving into CIS as the film is reacted. As indicated in Fig. 13 , most voids have a triangle shape. Lei et al. 37) proposed a model based on the Kirkendal effect to explain these triangle voids formation. The interdiffusion and phase reaction in the bilayer process are responsible for voids forming in polycrystalline CIGS. We make use of this model to explain the formation mechanism of those intergranular voids (in the middle of film) observed in our device. First, solid phase diffusion usually occurs by one of three mechanisms: (1) atomic interchange by a ring mechanism, (2) the migration through interstitial sites, or (3) via vacant sites. The primary mechanism in CIGS is believed to be via vacancies. 40, 42) When an atom moves by a vacancy mechanism either another atom or a vacancy must move in the opposite direction. When vacancies are the opposite flux, they accumulate within the solid beyond its solid solubility and precipitate as Kirkendal voids. This can be considered as the origin of the voids formation. Since the diffusion rates of Cu, In, and Ga are different, where Cu usually has a diffusion rate two orders larger than In and Ga, CuSe x would diffuse quickly into InSe/Ga 2 Se 3 with a counter flux of vacancies into initially Cu-rich region. The ½Cu=ð½In þ ½GaÞ ratio at bottom of CIGS layer, shown in Fig. 11(a) , is observed to increase over $1:0 in support of the idea that CuSe x diffuses faster into (In,Ga) than In,Ga diffusions into Cu-rich region. This would lead to Kirkendal voids throughout the film but mainly located at initially Cu-rich region. This agrees well with the observation that intergranular voids are mostly located in the middle of film where initially Cu-rich region was present. In conclusion, we believe that the intergranular voids in our device are induced by the interdiffusion of Cu and In/Ga when CuSe x reacts with InSe/Ga 2 Se 3 to form CIGS during the selenization process. The direct impact of these voids on device performance is not clear. We might speculate that these voids have reduced the effective thickness of the absorber which can introduce photocurrent loss due to the insufficient light absorption; this is especially true for relatively long wavelength light.
Window layer
From images in Fig. 8(a) , we can see that CdS layer is thick enough to compensate for the roughness of the SS substrate surface. Figure 13 shows a high resolution image of interface between CdS and CIGS films. CdS layer has a thickness of $120 nm. As we discussed in Sect. 3.2.1, a somehow thinner CdS film would expect to reduce the losses of photo excited current in the window layer and improve overall device efficiency. But at the same time thinner film will not be very effective in smoothing SS substrate surface roughness. Further optimizations of CdS thickness and reduction of SS roughness could improve device overall performance.
Sodium and potassium incorporation
Sodium (Na) and potassium (K) incorporations in CIGS layer are shown in Fig. 14 . It has been widely accepted that the Na in CIGS absorber plays a role of CIGS grain boundaries passivation leading to improved solar cell performance. 43) Our observation is also consistent with this conclusion. From Fig. 14 we can conclude that the Na distribution mainly concentrates at two terminals of CIGS layer, where grain boundary density is the highest. Moreover, we would like to propose an additional explanation of the sodium positive impact on CIGS solar cell device performance. O. Lundberg et al. 44) reported an experiment on In and Ga diffusion with/without sodium incorporation. His experiment results indicated that the interdiffusion of In and Ga is higher in layers grown without any presence of sodium producing an uniform distribution of In and Ga along depth. Lee et al. 45) also reported that their CIGS solar cell fabricated on a non-soda-lime glass (SLG) glass without an additional Na incorporation showed an uniform distribution of In and Ga along depth. In our device, with additional sodium incorporation, Fig. 11(a) , we observed clearly Ga/In grading profile along depth. This might indicate that the interdiffusion of In and Ga is prohibited because of the presence of Na in CIGS layer. Rockett et al. 46) reported similar results of graded Ga/In profile with Na incorporation. Therefore, we would like to conclude that the presence of sodium in CIGS will impede the interdiffusion of In and Ga so that enable the graded band profile formation. This graded band profile enhances electrons collection which improves the device overall performance.
To our surprise in SIMS spectra, the element K profile was also present, although we did not intend to introduce such element. Rudmann reported similar results 43) and speculated that the presence of K profile is due to the mass interferences in SIMS analysis where 23 Na þ16 O has the same nominal mass as the analyzed 39 K ion. This is usually called isobaric effect. In our analytical mode mass spectrometer has sufficient mass resolution that can separate atomic ions from molecular ion interferences. Moreover, to exclude this isobaric effect, the measured material composition was calibrated by RBS. During the RBS analysis, high-energy (MeV) He 2þ ions are directed onto the sample then the energy distribution and yield of the backscattered He 2þ ions at a given angle is measured. Since the backscattering cross section for each element is known, it is accurate to obtain a quantitative compositional depth profile from the RBS spectrum. In this analytical mode, the Na þ O mass interference is not significant. Therefore, we would like to indicate that our measured potassium profile is real. But we currently do not know from where the potassium comes from? Since we are using SS substrate, the K atmos could not be associated with its out-diffusion from substrate such as SLG substrate. More study is needed to elucidate this interesting phenomenon.
Conclusions
In this work, we evaluated CIGS solar cell fabricated on flexible SS substrate by the low cost mass production roll-to-roll process based on co-sputtering approach. Band grading and voids are observed in CIGS layer. Their formation mechanisms have been discussed as well as their expected influence on solar cell performance. By adjusting bandgap of CIGS in space charge region, we can expect a higher output open circuit voltage resulting in higher efficiency. We have also shown that device simulation results are consistent with the experimental data. Therefore, simulation tool used in this work can be very useful in the design and optimization of the CIGS solar cells structure before their fabrication. This will allow very fast and cost effective design of the CIGS solar cells with the optimized optoelectronic properties.
In the future it would be desirable to try to adjust band grading profile of CIGS absorber to achieve a larger open circuit voltage. It is also important to have a full under- standing of voids formation mechanism in CIGS layer by metallic precursor-selenization process and their impact on device performance. More advanced simulation models should be evaluated, namely band grading effect should be included in the simulation, for device design and performance optimization. Moreover, the stability properties of CIGS flexible solar cell under humility environment are also need to be carefully studied.
